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Dielectronic recombination has been found to be the dominant recombination process in
the determination of the ionization balance of selenium near the Ne-like sequence under condi-
tions relevant to the exploding-foil EUV laser plasmas. The dielectronic recombination process
tends to populate excited levels, and these levels in furn are more susceptible to subsequent
excitation and ionization than are the ground state ions. If one defines an effective recombina-
tion rate which includes, in addition to the primary recor_nbination, the subsequent excitation
and ionization of the added excited state population due to the primary recombination, then

this effective recombination rate can be density-sensitive at relatively low electron density.

We present results for this effective dielectronic recombination rate at an electron density
of 3 x 10%° electrons/cm? for recombination from Ne-like to Na-like selenium and from F-like

to Ne-like selenium. In the former case, the effective recombination rate coefficient is found



to be 1.8 x 107! ¢m3/sec at 1.0 keV, which is to be compared with the sero-density value
of 2.8 x 107! ¢m®/sec. In the latter case (F-like to Ne-like), the effective recombination

rate coefficient is found to be 1.3 x 10~!! c¢m3®/sec, which is substantially reduced from the
zero-density result of 3.3 x 10~!! cm®/sec. |

We have examined the effects of dielectronic recombination on the laser gain of the domi-
nant Ne-like 3p—3s transitions and have compared our results with those presented by Whitten
et al. (Phys. Rev. A 38, 2171 (1986)). The results obtained for the gain of the J = 2 tran-
sitions at 206.9 and 209.8 A disagree by a factor of two, and the calculated F-like to Ne-like
isoelectronic sequence ratio differs by a factor of 4. These discrepancies are investigated and

are found to be due to three factors: inclusion of post-recombination collision effects, inclusion

of Rydberg levels, and choice of line shape.



1. Introduction

Dielectronic recombination can play an important role in the determination of the ion-
ization balance of a non-LTE plasma ! and in the formation of excited-state population 2.
Dielectronic recombination is a multi-step process in which an electron undergoes radiationless
capture into an autoionizing doubly-excited state and subsequent stabilization by radiative
decay or by some other atomic process. The final product of this stabilizsation may be a ground
state or a singly-excited state of the recombined ion, and such a state may undergo further ex-
citation or ionization s;lbsequeni;ly."Ii Although these subsequent processes are independent of
the primary dielectronic recombination process, they can be treated as producing a reduction

of the dielectronic recombination rate.

Consider an example where the radiationless capture together with the stabilization leads
predominantly to singly-excited states which are of moderate excitation. Dielectronic recom-
bination in low-Z systems tend to occur predominantly through such processes. The recombi-
nation process then provides a source for the creation of such moderately excited states, and
the populations of such levels will be enhanced above their values in the absence of dielec-
tronic recombination. These moderately-excited states will be more susceptible to subsequent
excitation and ionization than will be the ground state of the same ion, and their presence

will enhance the total ionization rate of the ionization stage in proportion to the dielectronic
recombination rate.

One might be tempted to model the post-recombination effects through a reduction of the
gero-density dielectronic recombination rate. Whether this rate is or is not reduced depends
on how the dielectronic recombination process is defined. One definition might be that the
dielectronic recombination process includes all steps up to the stabilization into singly-excited
levels. All subsequent collisional and radiative processes affecting the populations of the

singly-excited states are then distinct processes which are to be included separately. Another



definition of the dielectronic recombination process might be that only primary dielectronic
recombination which is followed by kinetics processes that ultimately produce ground state

ions is to be counted as part of the dielectronic recombination process.

The first view would be most suitable for inclusion in a kinetics model where the singly-
excited states are treated either in a detailed manner or by some averaged (Rydberg) method.
In such a case, one requires the detailed recombination information specific to every level
accounted for in the kinetics model, and the net ionization and recombination rates between
ionization stages will be incorporated self-consistently. The second view would be more useful
in a kinetics model where only ground states are included or in a detailed model where the

dielectronic recombination rates are applied only between ground states.

In this paper we present some new results for dielectronic recombination from F-like to
Ne-like selenium. A recent paper of Apruzese et al.® has presented a low value (3.4 x 10~!2
cm?®/sec) for the corresponding recombination rate coefficient, and we find that it disagrees
with the present results in both the collisional and collisionless limits. Because the inter-
pretations presented by Apruzese et al.® follow in part from the choice of the dielectronic
recombination coefficient, this issue is relevant to the theoretical explanation of the observed
EUV ambplification. This has been discussed by Whitten et al.?, and the dielectronic recombi-
nation rate coefficient given in that work (2.8 — 3.5 x 10~!! ¢m?®/sec), which is a zero-density
result, might be recommended with caution for use in plasmas of such high electron density
(5 x 10% electrons/cm®). The effective ground state-to-ground state dielectronic recombina-
tion coefficient, which is more appropriate for ionigation balance calculations, can be obtained
using the method described in the present work. In section V, we treat these plasma conditions

and find an effective recombination rate coefficient of 1.16 x 107! cm?/sec.

In the work by Whitten et. al.2, an analysis of the effects of dielectronic recombination
on excited state populations and gain in Ne-like selenium has been presented, and substantial

effects due to the recombination into excited states have been reported. The present results



are not in'good agreement with those of Whitten et al.2, and the disagreement has included
a factor of 2 in gain on the J = 2 lines at 206.9 and 209.8 Aand a factor of 4 in the F-like
to Ne-like ion population ratio. These discrepancies have been a source of concern, and in
this work we attempt to resolve this issue. Through a number of comparisons between the
results of the two models on simple benchmark steady-state problems, we find that only a
relatively small difference can be attributed to the atomic physics (mostly collisional cross
sections) included between the 37 levels of the Ne-like L-shell and M-shell states. However,
three main factors can account for most of the remaining discrepancies: inclusion of the effects

of post-recombination kinetics, inclusion of Rydberg levels, and choice of line shape.



. Detailed Kinetics Modeling in Selenium

The model described here is an improved version of the one used in the EUV laser design
calculations presented by Rosen et al.” who give a brief description of this model. The model
contains 494 levels altogether, and includes detailed excited state level structure for the Na-
like, Ne-like and F-like isoelectronic sequences. Most of the atomic physics data used in the
model was generated using the fully relativistic multiconfigurational atomic physics code of
Hagelstein and Jung® (the YODA code). The electron collisional excitation cross sections
for the neon-like sequence are given by Hagelstein and Jung®, and the F-like cross sections
are tabulated by Hagelstein!®. Detailed recombination rate coefficients obtained from the
YODA relativistic model are included. These coefficients have been described elsewhere for

the Ne-like sequence'! and for the F-like ion32,

The sodium-like level structure includes the 12 M-shell and N-shell states in detail (with
resolved fine structure) and Rydberg states from n = 5 to n = 10. The Ne-like model includes
the L-shell, M-shell and N-shell states in detail (89 levels) and an additional set of 3 Rydberg
series (from n = 5 to n = 10) leading to the 3 F-like ground states. The F-like model contains
the 113 L-shell and M-shell states in detail and 3 Rydberg series leading to the low-lying
O-like configurations 2s?2p*, 2s2p® and 2p°.

The Mg-like through Cl-like isoelectronic sequences are described using hydrogenic models
originally generated by the XATOM code of Morgan et al.'® and substantially revised. The
He-like through O-like sequences are treated in an approximation which is somewhat more
sophisticated than hydrogenic (the “Hartree-Fock” model of XATOM, with subsequent im-
provements). In all sequences, consistent dielectronic recombination models based on the f
and A model of Hagelstein®!? have been included. We have used the non-LTE code XRASER™*

to construct and solve the rate equations for population kinetics calculations utilized in the

following section.



Our procedure for determining an effective recombination rate which includes the effects of
post-recombination collision processes may be described simply. We first carry out a non-LTE
calculation using the full kinetics model and note the sequence populations and Z. We then
remove all detailed “zero-density® dielectronic recombination rates from the model, and in
their place we introduce a single ground state-to-ground state recombination rate coefficient.
The steady-state calculation is then repeated with different values of the effective recombi-
nation rate coefficient until the sequence populations which are obtained from our initial full
calculation are reproduced. For the determination of the effective rate coefficients for Ne-like
recombination, we were able to obtain good agreement on:both sequence populations and Z.
In the calculations of the F-like recombination coefficients, we were not able to obtain precise

agreement between sequence populations, and our results are based on matching Z.



III. Recombination from Ne-like Selenium

There are several ways in which density effects may modify the effective dielectronic re-
combination rate, and the post-recombination collisional effects tend to be the most impor-
tant at moderate densities (near 10?° electrons/cm?®) for Ne-like selenium. As the density
increases, electron collisional redistribution of the doubly-excited level populations can occur.
We have previously investigated the effects of dipole-allowed collisional transitions within the
33l doubly;excited manifold of the sodium-like ion,!* and have found that these effects be-
come significant for densities above 10?! electrons/cm®, where an increase in the primary

dielectronic recombination rate occurs.

Doubly-excited states of the form 2p®3inl' are primarily responsible for producing the
moderately-excited 2p®nl' Na-like states (following 3 — 2 stabilizing radiative decay) under
conditions of interest here. The effects of dipole-allowed collisional transitions on the excited
nl' electron (for n greater than 3) of the doubly-excited state will occur at a lower electron
density than for the 3! electron, and therefore one might expect to see increases in the primary

dielectronic recombination rate at substantially lower densities.

This argument is misleading for the following reason: in the 3[3I' case, collisional mixing
enhanced the recombination rate because new routes were opened by which a 3! electron could
undergo a radiative 3 — 2 decay. The dominant contributions arise from the states .which are
stabilized by the fast 3d — 2p radiative transitions, with decay rates near 10* sec™. The 3in!'
states are stabilized principally by 3 — 2 decay as well, and it is the 3! electron which must
undergo collisional transitions to cause any significant enhancement of the primary dielectronic
recombination rate. The reason for this is that the radiative stabilization rate is faster than
the autoionization rate, and therefore most of the population which is captured into a doubly-
excited 3inl' state of moderate n is stabilized, independent of n and !'. Consequently the

l-changing collisional mixing of the excited nl' electron, which may occur at moderate electron



density, should have only a second-order effect on the primary dielectronic recombination rate.

Our approximation is then that the primary radiationless capture and stabilization remains
unaffected by electron collisions or other density effects; that the singly-excited states which
are the final products of the stabilization are allowed to undergo subsequent excitation and

ionization; and that all other processes are treated with the relatively complete kinetics models
described briefly above.

The effects of post-recombination collisional processes on the effective dielectronic recom-
‘bination rate coefficient can be seen from an examination of Figure 1, in which both the
“gero-density® and a finite density (N, = 3 x 10%° electrons/cm® ) dielectronic recombination
rate coefficients from the Ne-like ground state are plotted as functions of electron temperature.
At 1 keV, the effective recombination rate coefficient is about 61% of the value at low density.
The reduction in the effective recombination rate coefficient is less at low temperature, where
the recombination is dominated by capture into the 2p®3/3/' states, which undergo radiative
stabilization to the low-lying sodium-like M-shell states. The effective dielectronic recombi-
nation rate coefficient has been defined to be a ground state to ground state rate coefficient,

and therefore the two rate coefficients become equal at low temperature.



IV. Recombination from F-like Selenium

We have carried out an analysis similar to that presented in the previous section for
recombination from F-like selenium. The low density results were given previously®. In this
case there are 3 low-lying F-like states, consisting of the 2P;;, 2P, /, and 2S,/,, and each state
has a different total recombination rate coefficient. We have chosen to introduce a single
effective average recombination rate coefficient which connects each of the three states with
the Ne-like ground state and which has the same numerical value for each of the three F-
like states. It would be possible to revise the procedure under the assumption of a separate
effective recombination rate coefficient for the 3 low-lying F-like states. We have not done

this here, as the calculation would involve substantial effort and would add little to the basic

physics under discussion here.

The results are shown in Figure 2 for the same plasma electron density considered above
(3 x 10? electrons/cm®). In this case we obtain a larger “zero-density” rate coefficient than
in the Ne-like case (a peak rate coefficient of 3.5 x 10~!! e¢m®/sec for the F-like ?P;/,, which
is to be compared with the value 3.0 x 10~*! ¢m/sec for the Ne-like 'S, state), and a smaller
effective recombination rate coefficient than before (peak values of 1.8 x 10~*! em?/sec for
the F-like ion, which is to be compared with the peak value of 2.0 x 10~*! cm?/sec for the
Ne-like ion). The density effects are more pronounced in the recombination from the F-like

sequence. At 1 keV, the effective recombination rate coefficient is calculated to be only 41%
of the zero-density result.

It might be surprising that the density effects are stronger for F-like to Ne-like recombi-
nation than for Ne-like to Na-like recombination. The primary capture and stabilization is
similar for the two cases, and the zero-density recombination into the singly-excited M-shell,
N-shell and Rydberg levels is not particularly different between the two cases. As a result, it

is not obvious why there should be differences in the density dependence of the effective re-
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combination rate coefficient. The explanation of the differences appears to involve the details
of the level structure of the singly-excited states of the Na-like and Ne-like ions. Recombi-
nation from F-like to Ne-like ions produces singly-excited M-shell states, many of which are
metastable (that is, do not immediately decay to the 2s?2p® 1S, ground state). In addition,
much of the recombination into the more highly excited levels ultimately produces M-shell
metastable population. These metastables are susceptible to collisional excitation and even-
tual ionization, and it is these states which lead to the more pronounced density dependence

of the effective dielectronic recombination rate coefficient for the F-like ion.

The results of this section and of the previous section should be compared with the recom-
bination rate coefficient quoted by Apruzese et al.%, which is 3.4 x 10~!2 ¢m?®/sec. One finds
that the recombination rate coefficient quoted is lower by a factor of about 5 in comparison
with the density-reduced values quoted here and is roughly a factor of 10 less than our low
density limit.

In the paper of Whitten et al.?, an explanation is given for the lower result quoted by
Apruzese et al.%, and it may be useful to attempt further clarification here. The procedure
of extrapolating threshold excitation cross sections to obtain Auger rates and dielectronic
recombination rate coefficients is well-known and, judging from the detailed comparisons by
Hagelstein!2, should lead to relatively accurate results in selenium. Errors as large as 50%
may be expected under such conditions, but not errors of a factor of ten.!® The discrepancy is
most probably attributable ito a different approximation, i'n which the 3! — 3!' Coster-Kronig
autoionization process, which may compete compete with the 3 — 2 radiative stabilization, was
assumed to be energetically permissable for all doubly-excited states, regardless of the value

of principal quantum number n.

At low Z, the Coster Kronig process plays an important role in reducing the recombination
rate, because the high Rydberg 3inl' states which play the dominant role can decay via this

autoionization process. Adoption of a model based on the assumption that the Coster-Kronig

11



decay is allowed for all values of n is expected to give questionable results at moderately high
Z,'® where such processes are energetically forbidden. The validity of this approximation has

been discussed in a recent investigation®®.

We note that the present results are in good agreement with the rate coefficients used by

Rosen et al.”, thus bringing into question the main results of Aprusese et al.’.
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V. Recombination-pumping of Excited States

The dielectronic recombination from F-like selenium into the singly-excited states of Ne-
like selenium alters the singly-excited state populations, and the theoretical predictions of
laser gain of the 206 A and 209 A transitions are sensitive to the inclusion this process. Our
results indicate that theoretical models which include this process produce better agreement
with the experimental results for exploding-foil targets for both the 206 A and 209 A strong
laser transitions which have J = 2. However, disagreement remains for the value of gain of

the 182 A laser transition from the J = 0 upper state.

A simple model for Ne-like and F-like selenium has been employed by Whitten et al.,? and
we have compared our results with theirs. Although it was known that the results obtained
from the simple modeling were not in good agreement with the results of the design model
simulations discussed above, until now little effort has been invested in identifying the differ-
ences. The principal differences include a factor of 4 in Ne-like to F-like ratio and factor of
two in calculated laser gain for the J = 2 lines. In addition, the model of Whitten et al.? did
not take into account the effects of post-recombination collisional processes discussed here,
because Rydberg levels above n = 4 were not included. What differences this made in the
calculated results for gain are of interest, especially given the relatively large reductions in

effective recombination coefficients as discussed in section IV.

These issues can be explored by considering the results tabulated in Table I, where a
number of models of varying complexity have been compared on the steady-state problem of
Whitten et al.?2. The plasma conditions are assumed in all cases to be those of Whitten et al.2,
wherein the electron density is taken to be 5 x 10%° elecirons/cm3, the electron temperature
is 1.0 keV, and the ion temperature is 0.4 keV.. In the first four models, only the Ne-like
isoelectronic sequence is included in the calculation, and the ion density of the sequence is

5% 10" jons/cm®. In models 5-12, both the Ne-like and F-like ionization stages are present, and
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in both cases the Ne-like ion density is fixed at 5x 10'® sons/cm®. The final two models (13 and
14) were applied in the presence of many ionisation stages, and the overall ionization balance
was determined self-consistently. In this case the Ne-like ion density was somewhat lower
(3.23x 10" ions/cm®). Consequently models 1-12 represent basically different approximations
to the same test problem, and models 13 and 14 represent an approximation to the actual ion
kinetics including the effects of ionigation balance. These models differ from those used in the

full design simulations only in the non-essential restriction to a steady-state condition.

In all calculations using the XRASER design model described here, either the actual
atomic data was extracted from the full kinetics model (models 2,4,6 and 7), or else the model
was carried out with either a reduced set of ionization stages (models 9-12) or a full set of

ionization stages (models 13,14).

The basic Ne-like L-shell and M-shell models are assesssed in the comparison of results of
models 1 and 2. The laser gain of the J =0 transition is higher in the present results due to
a larger monopole 2p — 3p collisional excitation cross section, which gives rise to differences
as large as 20%. In a 37 level model, indirect excitation is responsible for the gain on the
J = 2 transitions, and similar differences are apparent. The model of Ref. 2 was constructed
using an incomplete set of cross sections computed using the University College London code
SUPERSTRUCTURE,!” and the present results are modeled using a full set of cross sections
obtained by Hagelstein and Jung®. The agreement between the results obtained from these
models is at the 20% level, and these differences may be attributed primarily to differences
in the included electron collisional cross sections. Agreement to 20% is reasonable, although

further work on the physics of the simple 37 level model may be worthwhile.

The more complex 89 level models are compared in models 3 and 4. Relative to the 37
level models, both the results of Whitten et al.? and the present results show a similar decrease
in the gain of the 182 A line and an increase in the gain of the 206 and 209 A lines. When
the 3 lowest F-like levels are added to the 89 level Ne-like model (with no Rydberg levels),

14



the effects of recombination (dielectronic and otherwise) can be investigated (models 5 and
6). Nearly equal increases in laser gain for the J = 2 lines are again obtained from the two
models. In fact, if the gain obtained for the 209 A line from model 6 is increased by 1.3 ¢cm!
due to differences in the 37 level model atomic physics (models 1 and 2), the resulting adjusted
gain of 15.4 cm™! is in excellent agreement with the result of 15.3 cm™ predicted by model 5.

A Doppler profile was adopted for describing the laser lineshape in the paper of Whitten et
al.2 Our calculations allow for a Voigt profile, with the Lorentz contribution obtained by sum-
ming all outgoing kinetics rates from both the upper and lower levels of a laser transition.”-10:}
The gain is sensitive to the line profile for all three transitions, as can be seen from a com-
parison of the results obtained from models 6 and 7, which are identical except for the choice
of profile. The reduction of gain due to the use of a more realistic line profile is between 25%
and 30%.

We next consider the role of the Rydberg levels corresponding to n = 5 through n = 10,
whose effects may be seen from inspection of the results from models 8 through 10 in Table I.
The inclusion of these Rydberg levels in the model tends to substantially alter the ionization
balance, and in the XRASER models one finds a ratio of F-like to Ne-like population of
2.62. This value is in agreement with the results calculated using the full XRASER model.
The resulting increase in F-like to Ne-like ratio may be understood by noting that stepwise
excitation up through the Rydberg levels, followed by ionigation from these levels, provides
the dominant ionization mechanism for ground state Ne-like ions.

Results are presented by Whitten et al.? for arbitrary values of the F-like to Ne-like ion

ratio, and we may compare our results with theirs. For model 8, we have taken the values of

gain from Figure 1 of their paper, and have tabulated the results for our value of F-like to
Ne-like ion ratio.

Model 9 is a detailed two-sequence model with the dielectronic recombination processes

accounted for by an effective ground state-to-ground state rate coefficient. The zero-density
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recombination rate coefficient from the Py, is 3.27 x 10! cm?/sec. Thes may be compared
with the 3I3l' and 3/4l' results of Chen which are tabulated in Ref. 2, which is equal to
2.22x 107! ¢m?/sec at 1.0 keV. This result is also within the range of the estimated total rate
coefficient of 2.8 — 3.5 X 107! ¢m?®/sec quoted in Whitten et al.? The effective ground state-
to-ground state recombination rate coeflicient required to reproduce the ionization balance
obtained from full design model is 1.16 x 10~!' ¢m3/sec. This model gives an ionization
balance between the F-like and Ne-like sequences which is consistent with the that of the full
model, and it is defined to have a Ne-like ion population of 5 x 10'® sons/cm?. In addition, it

excludes the effect of dielectronic recombination on the excited states.

Model 10 is identical to model 9 aside from description of dielectronic recombination.
Whereas model 9 included the effects of dielectronic recombination as an effective ground
state-to-ground state rate, model 10 includes the detailed dielectronic recombination model
in which the recombination populates singly-excited Ne-like states. A comparison of models
9 and 10 reveals the effects of dielectronic recombination on the Ne-like singly-excited level
populations and on the laser gain, with the assumption of a Doppler profile. A comparison of
models 8 and 10 indicates how much of a reduction in gain might be expected to result from

the inclusion of the Rydberg levels in the analysis of Whitten et al.2.

Models 11 and 12 are identical with models 9 and 10 aside from the choice of line profile;
the two earlier models include Doppler profiles and the later models, 11 and 12, are based
on a Voigt profile for the line shape. The results of model 12 should be considered to be
the most accurate for this simple representative problem, because Rydberg levels, dielectronic

recombination, a realistic line shape, and improved ionization balance are included.

It is of interest to consider the full calculation of the kinetics and gain under the plasma
conditions of an electron temperature of 1.0 keV and an electron density of 5.0x 10% electrons/cm?.
This problem would be substantially more difficult in that the ionization balance problem must

be dealt with in its fullness in order to obtain an accurate result. In models 13 and 14, we
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present results for this modified problem. Model 13 includes the extensive multi-sequence
level structure with the detailed description of dielectronic recombination from F-like to Ne-
like replaced by an effective ground state-to-ground state rate coefficients as above. Model 14

is the full design model including the detailed description of dielectronic recombination.

Under these conditions, the plasma is predicted to be ionized well past the Ne-like sequence,
and consequently the absolute number of Ne-like ions present is computed to be 3.23 x 10*®
ions/cm3. This is less than the 5.0 x 10'® fons/cm?® of the test problems of models 1-12,
and hence the results are not directly comparable. One observes that without dielectronic
recombination populating the excited levels, the J = 0 transition has a markedly higher gain
than for the J = 2 lines. This observation is consistent with the simulation results which we
routinely obtained in our design calculations from 1983 through early 1985.7 The effects of
dielectronic recombination on the singly-excited state Ne-like populations increase the gains of
the J = 2 transitions to values close to that of the J = 0 transition, although from inspection

of model 14, the 182.4 A line is seen still to have the largest gain. This result is consistent

with our current time-dependent simulations.!®

Radiation from the J = O transition is observed to be amplified in the selenium lasers
which have been tested this year, although the laser gain remains less than that predicted by

our theoretical modeling. The gain of the J = 2 transitions is comparable to that predicted

by our design simulations.!®
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VI. Summary and Conclusions

We have investigated the effects of post-recombination kinetics processes on dielectronic
recombination from Ne-like and F-like selenium. The extensive multi-sequence non-LTE kinet-
ics model of selenium, which has been developed during the last several years, has been revised
to incorporate a detailed description of dielectronic recombination which explicitly allows for
recombinati.on into excited states, and which takes into account the post-recombination ki-
netics processes. At low density, this dielectronic recombination model reproduces the known
gero-density dielectronic recombination coefficients reported previously.>® At moderate elec-
tron densities such that the effects of I-changing collisions on the populations of the doubly-
excited states do not affect the primary recombination, this model self-consistently describes
the reduction of the dielectronic recombination coefficient due to post-recombination kinetics

processes.

The dielectronic recombination rate coefficient from Ne-like to Na-like selenium was pre-
sented for the case of gero electron density, and an effective ground state-to-ground state
recombination rate coefficient which reproduces the ionization balance for N, = 3 x 10%°
electrons/ecm® was calculated and presented (Figure 1). The effective rate is found to be

reduced to 61% of the zero density rate at 1 keV.

The recombination rate coefficient from F-like to Ne-like was presented for dielectronic
recombination from the 2Py, state for sero electron density, and an effective recombination
rate coefficient including post-recombination kinetics at N, = 3 x 10%° electrons/cm*® was
computed and presented (Figure 2). The effective recombination rate is found to be reduced

to 41% of the sero density result.

The effects of dielectronic recombination on the gain of the Ne-like 3p —3s laser transitions
at 182.4 A, 206.9 A and 209.8 A were investigated and compared with the results of a simple
model of Whitten et al.2, for a restricted test problem at T, = 1.0 keV and N, = 5.0 x 10%°
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electrons/cm®. Since the present model that of Whitten et al.? contain much atomic data
which comes from different sources, we compared the basic 37-level models of the Ne-like

L-shell and M-shell levels and found agreement to within 20%.

Comparisons of models including the 89 Ne-like L-shell, M-shell and N-shell levels, and 3
F-like levels showed excellent agreement, such that the differences in gain could be accounted
for only by the differences between the basic 37-level models. In these comparisons, where no
Rydberg states were included in either model, the ratio of F-like to Ne-like populations could

be reproduced by the two models to give the result of 0.6.

The inclusion of the Rydberg levels in the Ne-like sequeﬁce caused a significant shift in
ionization balance, increasing the F-like to Ne-like ratio to 2.6, and altered the gain by a small
amount. Inclusion of a more realistic description of lineshape (replacing the Doppler profile
by the Voigt profile) resulted in a reduction in gain of 25-30%. The net result is a reduction
by a factor of 2 from the results of Whitten et al.2 (model 8 of our Table I) for the J = 2 lines
in comparison with the present results (model 14 of Table I). These results explain most of

the discrepancies between our model and that of Whitten et al.2.
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Figure Captions

1. Zero-density dielectronic recombination rate coefficient and effective dielectronic recom-
bination coefficient at N, = 3 x 10 electrons/cm?® for recombination from Ne-like

selenium to Na-like selenium, as functions of electron temperature.

2. Zero-density dielectronic recombination rate coefficient and effective dielectronic re-
combination coefficient at N, = 3 x 10?° electrons/cm?® for recombination from F-like
selenium to Ne-like selenium, as functions of electron temperature. The sero-density
result is for recombination from the F-like ground state 2s?2p® P, ,, and the finite
density result is computed assuming that the three low-lying F-like states have the
same effective recombination rate coefficients. No recombination resulting from the

2 — 2 inverse Coster Kronig process is included in either result.
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Table 1. Comparison of gains of the 3p—3s main laser lines in Ne-like selenium. All calculations
assume an electron density of 5 x 10?? electrons/cm?, an electron temperature of 1.0 keV, and
an ion temperature of 0.4 keV. Models 1 to 12 are defined to have the same number of Ne-
like ions (5 x 10'® cm™3), while in models 13 and 14 the ionization balance was established
self-consistently with the above electron density under the assumption that only selenium is

present. For models 13 and 14, the Ne-like density is 3.23 x 10'® ¢m™3. The models of Whitten
et. al. are published in Ref. 2.

Ne-like
n=4 F-like Rydberg Dielectronic Gain Gain Gain
Model levels levels levels Recombination Lineshape 1824 A 209.8 A 2069 A Ng/Ny,

1 Whitten(37) No _No No No Doppler 143 114 07 0
2 XRASER (37) No No No No Doppler 17.4 10.1 11.9 ]
3 Whitten(89) Yes No No No Doppler 134 13.0 11.5 0
4 XRASER (89) Yes No No No Doppler 16.1 11.7 . 139 0
5 Whitten(89/3) Yes Yes No Yes Doppler 13.0 15.3 13.6 0.6
6 XRASER (89/3) Yes Yes No Yes Doppler 15.4 14.1 16.1 0.58
7 XRASER (89/3) Yes Yes No Yes Voigt 11.7 10.4 11.2 0.58
8 Whitten(89/3) Yes Yes No Yes Doppler 11.9 21.7 19.4 2.62
9 XRASER (104/189) Yes Yes Yes Yes* Doppler 16.4 5.6 6.0 2.62
10 XRASER (104/189) Yes Yes Yes Yes Doppler 14.5 14.5 14.2 2.62
11 XRASER (104/189) Yes Yes Yes Yes* Voigt 123 4.1 4.1 2.62
12 XRASER (104/189) Yes Yes Yes Yes Voigt 11.0 10.6 9.8 2.62
13 XRASER (Full) Yes Yes Yes Yes* Voigt 8.0 2.6 2.7 2.62
14 XRASER (Full) Yes Yes Yes Yes Voigt 7.1 6.8 6.3 2.62

* In models 9, 11 and 13, an effective ground state-to-ground state recombination rate between
the F-like and Ne-like sequence was used in place of the detailed recombination model and
adjusted to obtain an ionization balance in agreement with the detailed model. In these
models, dielectronic recombination into the excited state populations not included.
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